Inflammation in the brain has been increasingly associated with the development of a number of neurological diseases. The hallmark of neuroinflammation is the activation of microglia, the resident brain immune cells. Injection of bacterial endotoxin lipopolysaccharide (LPS) into the hippocampus, cortex, or substantia nigra of adult rats produced neurodegeneration only in the substantia nigra. Although LPS appeared to impact upon mesencephalic neurons in general, an extensive loss of dopaminergic neurons was observed. Analysis of the abundance of microglia revealed that the substantia nigra had the highest density of microglia. When mixed neuron-glia cultures derived from the rat hippocampus, cortex, or mesencephalon were treated with LPS, mesencephalic cultures became sensitive to LPS at a concentration as low as 10 ng/ml and responded in a dose-dependent manner with the production of inflammatory factors and a loss of dopaminergic and other neurons. In contrast, hippocampal or cortical cultures remained insensitive to LPS treatment at concentrations as high as 10 g/ml. Consistent with in vivo observations, mesencephalic cultures had fourfold to eightfold more microglia than cultures from other regions. The positive correlation between abundance of microglia and sensitivity to LPS-induced neurotoxicity was further supported by the observation that supplementation with enriched microglia derived from mesencephalon or cortex rendered LPS-insensitive cortical neuron-glia cultures sensitive to LPS-induced neurotoxicity. These data indicate that the region-specific differential susceptibility of neurons to LPS is attributable to differences in the number of microglia present within the system and may reflect levels of inflammation-related factors produced by these cells.
Inflammation in the brain has been increasingly associated with the development of a number of neurological diseases. The hallmark of neuroinflammation is the activation of microglia, the resident brain immune cells. Injection of bacterial endotoxin lipopolysaccharide (LPS) into the hippocampus, cortex, or substantia nigra of adult rats produced neurodegeneration only in the substantia nigra. Although LPS appeared to impact upon mesencephalic neurons in general, an extensive loss of dopaminergic neurons was observed. Analysis of the abundance of microglia revealed that the substantia nigra had the highest density of microglia. When mixed neuron-glia cultures derived from the rat hippocampus, cortex, or mesencephalon were treated with LPS, mesencephalic cultures became sensitive to LPS at a concentration as low as 10 ng/ml and responded in a dose-dependent manner with the production of inflammatory factors and a loss of dopaminergic and other neurons. In contrast, hippocampal or cortical cultures remained insensitive to LPS treatment at concentrations as high as 10 g/ml. Consistent with in vivo observations, mesencephalic cultures had fourfold to eightfold more microglia than cultures from other regions. The positive correlation between abundance of microglia and sensitivity to LPS-induced neurotoxicity was further supported by the observation that supplementation with enriched microglia derived from mesencephalon or cortex rendered LPS-insensitive cortical neuron-glia cultures sensitive to LPS-induced neurotoxicity. These data indicate that the region-specific differential susceptibility of neurons to LPS is attributable to differences in the number of microglia present within the system and may reflect levels of inflammation-related factors produced by these cells.
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Under normal conditions, brain microglia are involved in immune surveillance and host defense against infectious agents. However, microglia readily become activated in response to injury or immunological challenges, as indicated by a change in morphology from a ramified resting state to an amoeboid appearance with an increase in the expression of major histocompatibility complex molecules and complement type 3 receptor (Streit et al., 1988; Kaur and Ling, 1992; Graeber et al., 1994; Kreutzberg, 1996) . Microglia activation is a histopathological hallmark of several neurodegenerative diseases, including Parkinson's disease, Alzheimer's disease, multiple sclerosis, and the AIDS dementia complex (McGeer et al., 1988; Rogers et al., 1988; Matsumoto et al., 1992; Raine, 1994) .
Activation of microglia is believed to contribute to neurodegenerative processes through the release of proinflammatory and/or cytotoxic factors, including interleukin-1 (IL-1), tumor necrosis factor-␣ (TNF␣), nitric oxide (NO), reactive oxygen intermediates, arachidonic acid metabolites, and quinolinic acid (Chao et al., 1992; Dickson et al., 1993; Lee et al., 1993; Brosnan et al., 1994; Matsuo et al., 1995; Minghetti and Levi, 1995; Espey et al., 1997) . Production of these factors by microglia after exposure to lipopolysaccharide (LPS), the human immunodeficiency virus-1 coat protein gp120, or ␤-amyloid has been well documented (Boje and Arora, 1992; Chao et al., 1992; Dawson et al., 1994; Ii et al., 1996; Kong et al., 1996) . Furthermore, activation of microglia and subsequent production of proinflammatory and cytotoxic factors have been attributed to increased neurotoxicity in in vitro neuron-glia cultures treated with LPS, ␤-amyloid, or a combination of IL-1, TNF␣, and interferon-␥ (Chao et al., 1992; Dawson et al., 1994; Jeohn et al., 1998) , suggesting that microglia-derived factors such as NO and TNF␣ are important mediators of inflammationmediated neurodegeneration.
Microglia are present in large numbers within the brain, but they are not distributed with a uniform density or morphology in all major divisions of the brain (Lawson et al., 1990) . This heterogeneity may imply an unequal sensitivity to microglia-mediated neurotoxicity in different regions of the brain. In this study, we investigated whether stimulation with the bacterial endotoxin LPS could differentially effect neuronal cell death in the rat hippocampus, cortex, or mesencephalon in vivo and in mixed neuron-glia cultures derived from these regions. In addition, we examined whether the abundance, morphology, or responsiveness of microglial cells contributes to region-specific differences in LPS-induced neurotoxicity. Our data indicate that mesencephalic neurons are significantly more susceptible than hippocampal or cortical neurons to inflammation-mediated neurodegeneration, and this differential neurotoxicity may be attributable, at least in part, to differences in the abundance of microglia within a specific brain region.
MATERIALS AND METHODS
Animals. Male (225-250 gm) and timed-pregnant female rats (Fischer 344) were purchased from Charles River Laboratories (Raleigh, NC) and kept on a 12 hr light /dark cycle with ad libitum access to food and water. Male rats were acclimated to their environment for 10 d before use for experiments.
Materials. Minimal essential medium (M EM), penicillin, streptomycin, gentamicin, horse serum, and L PS (strain O111:B4) were purchased from Life Technologies (Gaithersburg, MD). [7, H]dopamine (DA) (40 C i / mmol) was obtained from Amersham Pharmacia Biotech (Arlington Heights, IL) and poly-D-lysine, biotinylated isolectin B 4, and dopamine were obtained from Sigma (St. L ouis, MO). Biotinylated secondary antibodies, ABC kit, and 3,3Ј-diaminobenzidine were from Vector Laboratories (Burlingame, CA). The polyclonal anti-tyrosine hydroxylase (TH) antiserum was a gift from Glaxo Wellcome (Research Triangle Park, NC) .
LPS injection in vivo. Male rats were anesthetized with sodium pentobarbital (50 mg / kg) and positioned in a small-animal stereotaxic apparatus. Injection of L PS into specific brain regions was made using the following stereotaxic coordinates, measured from bregma (Paxinos and Watson, 1986) : for the hippocampus, 3.3 mm posterior, 2.0 mm lateral, and 3.5 mm ventral; for the cortex, 1.4 mm posterior, 2.0 mm lateral, and 2.0 mm ventral; and for the substantia nigra (SN), 4.8 mm posterior, 1.7 mm lateral, and 8.2 mm ventral. L PS (5 or 10 g in a volume of 2 l of PBS) was injected into the right side of the hippocampus, cortex, or SN over a period of 2 min, and the injection needle was kept in place for 2 min after the injection. Control injections of PBS alone were made into the left side of the hippocampus, cortex, or SN under the conditions described above. At least six animals were used for each brain region examined.
Cell culture. Primary mixed neuron -glia cultures were prepared from the brains of embryonic day 16 -17 rats. The whole brain was removed aseptically, and the blood vessels and meninges were discarded. The desired brain regions (hippocampus, cortex, or mesencephalon) were dissected, pooled, and mechanically dissociated by mild trituration in ice-cold calcium-and magnesium-free W3 buffer (in mM: 15 H EPES, pH 7.4, 145 NaC l, 5.4 KC l, 1 NaH 2 PO 4 , and 11 glucose). To each poly-D-lysine-coated well of 24-well culture plates were seeded 5 ϫ 10 5 cells in 0.5 ml of culture medium. The cultures were maintained at 37°C in an atmosphere of 5% CO 2 and 95% air. The culture medium consisted of M EM supplemented with 10% heat-inactivated horse serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 M nonessential amino acids, 15 mM KC l, 50 U/ml penicillin, 50 g /ml streptomycin, and 50 g /ml gentamicin. The cultures were replenished with fresh medium at 1 and 4 d after plating. At 7 d after plating, the cultures were treated with vehicle or L PS in a modified culture medium in which the serum concentration was reduced to 2%. When antibodies against microtubule-associated protein-2 (M AP-2) or CR3 complement receptor, a marker for rat microglia, were used to immunostain neuron -glia cultures (see below), the following composition was determined: for hippocampal cultures, 65% neurons and 5.8% microglia; for cortical cultures, 60% neurons and 2.8% microglia; and for mesencephalic cultures, 42% neurons and 20% microglia. The remaining cells were presumed to be astroglial cells.
Enriched microglia were prepared following a previously described protocol (Liu et al., 2000a) . Briefly, brain tissues of cortex and mesencephalon were dissected from postnatal day 1 rat pups. The tissues were triturated, and 10 7 cells were seeded in a 75 cm 2 culture flask. After a confluent monolayer of glial cells were obtained, microglia were shaken off and replated at 10 5 cells per well either alone or on top of existing neuron -glia cultures derived from the rat cortex. At 24 hr after plating the microglia-enriched population, the cells were treated with L PS or vehicle alone.
Immunoc ytochemistr y. C ell cultures were fixed in 3.7% formaldehyde and immunostained as described previously (Liu et al., 2000a) . For in vivo studies, animals were anesthetized with sodium pentobarbital and then perf used transcardially with saline, followed by 4% paraformaldehyde in PBS. Brains were removed, post-fixed overnight in 4% paraformaldehyde in PBS, and then cryoprotected in a 30% sucrose -1% paraformaldehyde solution. Coronal sections (35 m) were cut using a microtome and immunostained as free-floating tissue sections (Liu et al., 2000b) . Every sixth serial section was selected and processed for immunohistochemistry.
Neurons were identified with a monoclonal antibody to M AP-2 (Roche Molecular Biochemicals, Indianapolis, I N) and an antibody recognizing the vertebrate neuron-specific nuclear protein (NeuN) (Chemicon, Temecula, CA). Dopaminergic neurons were stained with a polyclonal anti-TH antibody (a gift from Dr. John Reinhard of Glaxo Wellcome, Research Triangle Park, NC). Microglia were visualized by staining for the CR3 complement receptor using the monoclonal antibody OX-42 (PharMingen, San Diego, CA) or with the biotinylated isolectin B 4 .
Briefly, cultures or brain sections were blocked for 20 min with PBS containing 0.4% Triton X-100, 1% bovine serum albumin, and 4% normal serum, followed by an overnight incubation with one of the primary antibodies (anti-M AP-2, 5 g /ml; anti-NeuN, 1 g /ml; anti-TH, 1:20; or OX-42, 5 g /ml) or with the lectin (10 g /ml). Afterward, the cells or sections were treated for 10 min with 1% H 2 O 2 , followed by incubation with appropriate biotinylated secondary antibodies and then visualized using the avidin-biotin-peroxidase complex (ABC) method with 3,3Ј-diaminobenzidine as the chromogen. Images of immunostained cells were recorded using a CCD camera and the Metamorph computer software (Universal Imaging Corporation, West Chester, PA).
High-affinit y [
3 H]dopamine uptak e assay. Uptake of radiolabeled dopamine was performed as described previously with modifications (Liu et al., 2000a) . Cultures were washed twice with Krebs'-Ringer's buffer (119 mM NaC l, 4.7 mM KC l, 1.3 mM EDTA, 1.8 mM CaCl 2 , 1.2 mM MgSO 4 , 16 mM NaH 2 PO 4 , 16 mM Na 2 HPO 4 , and 1 mg /ml glucose), followed by incubation for 40 min at 37°C with 0.5 Ci [
3 H]dopamine and 1 M unlabeled dopamine in Krebs'-Ringer's buffer. Nonspecific uptake was determined by the addition of 10 M mazindol. Afterward, the cultures were washed three times with ice-cold buffer and then solubilized with 1 N NaOH. The lysate was mixed with scintillation fluid, and radioactivity was counted in a scintillation counter. Specific uptake was determined by subtracting the nonspecific counts from the total counts.
Nitrite and TNF␣ assays. The production of NO was assessed as the accumulation of nitrite in the culture supernatants using a colorimetric reaction with the Griess reagent (Green et al., 1982) as described previously (Liu et al., 2000a) . The amount of TN F␣ in the medium was measured with a rat TN F␣ enzyme-linked immunosorbent assay kit (Genzyme Diagnostics, C ambridge, M A).
Statistical anal ysis. The data are expressed as the mean Ϯ SEM. Statistical significance was assessed by an ANOVA, followed by Bonferroni's t test using the StatView program (Abacus Concepts, Inc., Berkeley, CA). A value of p Ͻ 0.05 was considered statistically significant.
RESULTS

Neurotoxic effect of LPS injection in various regions of the rat brain
LPS (5 or 10 g in a volume of 2 l) was injected stereotaxically into the adult rat hippocampus, cortex, or SN. Seven days later, the brain was removed, and tissue sections taken through these regions were immunostained for neuronal markers to determine whether the neurons residing in distinct brain regions were differentially sensitive to LPS-induced toxicity. For all comparisons, LPS was injected into the region of interest on the right side of the brain, and as a control, the vehicle alone (PBS) was injected contralaterally. When brain sections were immunostained for the neuronal nuclear protein NeuN, no substantial differences in NeuN immunostaining were observed between LPS (10 g) and vehicleinjected sites from either the hippocampus or cortex (Fig. 1) . In contrast, injection of LPS (5 g) dramatically reduced the number of NeuN-positive neurons in the SN compared with the vehicleinjected side (Fig. 1) . Moreover, serial sections of rat brain taken through the SN also demonstrated an extensive loss of dopaminergic neurons after LPS injection when compared with the vehicletreated control side, as shown by a decrease in the number of neurons expressing TH (Fig. 1) .
Brain sections taken through the regions of interest were also Figure 1 . Susceptibility of neurons to LPS-induced toxicity in different rat brain regions. LPS was injected unilaterally into the adult rat hippocampus, cortex, or SN, and vehicle alone was injected contralaterally into the specific regions. The hippocampus or cortex received 10 g of LPS, whereas the SN received 5 g of LPS. After 7 d, the brains were removed, and tissue sections through the areas of interest were immunostained for neuronal proteins. Neurons in all regions were immunostained with an antibody against NeuN. Dopaminergic neurons in the SN were stained with an anti-TH antibody. At least six animals were used for each injection, and similar results were obtained in all animals examined. Scale bar, 250 m.
immunostained for microglia using the monoclonal antibody OX-42. In the hippocampus, cortex, or SN of animals injected with vehicle alone, the majority of the OX-42-immunoreactive (IR) cells exhibited a resting or ramified state (Fig. 2) . Only a small number of OX-42-IR cells exhibited the characteristics of activated microglia (increased cell size, staining intensity for OX-42, and shape changes), and these cells were mainly localized along the needle tract because of mechanical injury-induced activation (Fig. 2) . After LPS injection, an increase in OX-42-IR was observed along the needle tracts and their termini in the hippocampus and cortex, presumably resulting from mechanical injury and high concentrations of LPS in the vicinity of the injection sites (Fig. 2) . In contrast, the LPS-induced activation of microglia in the SN was not limited to the needle tracts; intensified OX-42-IR was observed in areas surrounding the injection sites (Fig. 2) . Consistent with a previous report (Lawson et al., 1990) , we found that the SN contains a greater number of OX-42-IR cells than the hippocampus or cortex, and these differences were even more prominent after LPS injection (Fig. 2) .
Susceptibility of neurons in neuron-glia cultures from different brain regions to LPS-induced neurodegeneration
To further understand the mechanisms underlying the regional difference in the sensitivity to LPS-induced neurotoxicity observed in vivo and its relationship to activity of microglia, mixed neuronglia cultures were established using embryonic rat brain tissues from hippocampus, cortex, or mesencephalon. Cultures were treated for 72 hr with 1 g/ml LPS or with the vehicle alone. Neurotoxicity was assessed by morphological analysis and counting the number of neuronal cell bodies after immunostaining for MAP-2. Exposure of hippocampal or cortical neuron-glia cultures to 1 g/ml LPS did not alter the number of MAP-2-positive cells or the morphology of these cells compared with vehicle-treated control cultures (Fig. 3A) . Quantification of the MAP-2-immunostained cultures did not show any significant difference between the number of MAP-2-IR cell bodies in the LPS-and vehicle-treated cultures from either the hippocampus or cortex (Fig. 3B) . In contrast, mesencephalic cultures treated with the same concentration of LPS (1 g/ml) suffered dramatic degeneration of MAP-2-IR cells (Fig. 3 A, B ). There was a 96% decrease in the number of MAP-positive neurons in the mesencephalic cultures after stimulation with LPS (Fig. 3B) . Most of the few cells remaining after treatment of mesencephalic cultures with LPS displayed shortened neurites compared with the control cultures (Fig. 3A) . The loss of MAP-2-positive neurons in the mesencephalic neuronglia cultures was dependent on the concentrations of LPS used (Fig. 3C ). Significant neurotoxicity was observed with LPS concentrations as low as 3 ng/ml. At 3 or 6 ng/ml, LPS reduced the number of MAP-2-positive cells by 37 and 83%, respectively (Fig.  3C) . Compared with controls, at least 95% of the MAP-2-positive neurons were destroyed with 10 ng/ml or greater (up to 1000 ng/ml) concentrations of LPS (Fig. 3C) . In contrast, no significant decrease in the number of MAP-2-positive neurons was observed in hippocampal or cortical neuron-glia cultures after treatment for 72 hr with LPS at concentrations ranging from 1 ng/ml to 10 g/ml LPS (data not shown).
Because the loss of dopaminergic neurons in the SN is characteristic of Parkinson's disease, the effect of LPS on this population of mesencephalon-derived neurons was of particular interest. Neurotoxicity was assessed by analyzing the morphology and number of dopaminergic neurons by immunostaining for TH and also by determining the capacity of dopaminergic neurons in cultures to uptake [ 3 H]DA. As shown in Figure 4 A, compared with the control cultures, treatment of mesencephalic neuron-glia cultures with 1-1000 ng/ml LPS for 72 hr resulted in a dose-dependent decrease in [
3 H]DA uptake. The lowest concentration of LPS required to produce a significant reduction in DA uptake was 3 ng/ml. A greater reduction in dopamine uptake capacity was observed in cultures treated with 6 ng/ml or greater concentrations of LPS (Fig. 4 A) . Immunocytochemical staining of the cultures indicated that TH-positive neurons in the control cultures (ϳ0.5% of the MAP-2-positive neurons) exhibited healthy and extended neurites. After treatment for 72 hr with 1000 ng/ml LPS, a significant loss of TH-positive neurons (65% compared with control, n ϭ 6) was detected, and the majority of the remaining dopaminergic neurons exhibited very short neurites (Fig. 4 B) .
LPS-induced production of nitric oxide and release of TNF␣ in neuron-glia cultures prepared from different brain regions
Cytokines, such as TNF␣, and free radicals, such as NO, are synthesized by glial cells upon stimulation with LPS and are candidates for mediating the neurotoxicity in neuron-glia cultures.
To determine whether the difference in sensitivity to LPS-induced neurotoxicity could be attributable, at least in part, to differences in the generation of immune mediators, the production of NO and TNF␣ was examined in neuron-glia cultures after treatment with LPS. In mesencephalic neuron-glia cultures treated with vehicle alone or with 1-1000 ng/ml LPS for 24, 48, and 72 hr, a dosedependent increase in nitrite accumulation at the three time points was observed (Fig. 5A ). Significant nitrite production could be seen with LPS concentrations as low as 3 ng/ml, and maximal levels of nitrite were detected at 10 ng/ml LPS or at greater concentrations (Fig. 5A ). In contrast, unlike mesencephalic cultures, nitrite levels in hippocampal or cortical cultures increased only slightly in response to LPS at concentrations as high as 1000 ng/ml (Fig. 5A ). For instance, the levels of nitrite in hippocampal and cortical cultures treated with 1000 ng/ml LPS for 72 hr were 5.4 and 1.7 M, respectively (Fig. 5A ). In agreement with previous studies indicating that LPS-induced neurotoxicity was, at least in part, mediated via NO (Chao et al., 1992; Bronstein et al., 1995) , the addition of the NO synthase inhibitor N G -nitro-L-arginine-methyl ester (1 mM) to the mesencephalic cultures inhibited the accumulation of nitrite produced after treatment for 72 hr with 1000 ng/ml LPS by 73% and reduced the loss of MAP-2-immunostained neurons by 74% (data not shown).
Levels of TNF␣ in the culture medium were measured at 6 hr after LPS stimulation, a time at which the release of the cytokine is known to be near its maximal levels (Liu et al., 2000a) . A previous report from our laboratory indicated that microglia are the major source of TNF␣ (Kong et al., 1996) . Stimulation of mesencephalic cultures with increasing concentrations of LPS (0, 1, 3, 6, 10, or 1000 ng/ml) resulted in a dose-dependent release of TNF␣ into the culture medium with maximal levels of TNF␣ released at 10 ng/ml LPS (Fig. 5B) . Greater concentrations of LPS (Ͼ10 ng/ml) resulted in reduced levels of TNF␣ because of LPSinduced cytotoxicity of microglia (B. Liu, J. Wang and J. Hong, unpublished observations). In contrast, only low levels of TNF␣ (Յ300 pg/ml) were released in hippocampal or cortical cultures upon stimulation with LPS at concentrations up to 1000 ng/ml (Fig. 5B) .
Difference in the abundance of reactive microglia among hippocampal, cortical, and mesencephalic cultures
Previous experiments have demonstrated that the LPS-induced release of TNF␣ and, to a degree, the production of NO are from microglial cells (Kong et al., 1996) . One explanation to account for greater levels of NO formation and TNF␣ release in LPS-treated mesencephalic cultures compared with hippocampal or cortical cultures is that, at the time of treatment, mesencephalic cultures may have contained greater numbers of reactive microglia compared with hippocampal or cortical cultures. To examine this possibility, mixed neuron-glia cultures derived from rat mesencephalon, hippocampus, or cortex were stimulated with vehicle alone or with 10 ng/ml LPS for 72 hr, and then cells were fixed and stained with the monoclonal antibody OX-42, a marker for reactive micro- glia. Morphological analysis demonstrated that, under normal conditions in all three culture systems, OX-42-immunostained cells were generally small and rounded (Fig. 6 A) . In comparison, stimulation of neuron-glia cultures with 10 ng/ml LPS for 72 hr resulted in a dramatic change in morphology, indicative of microglia activation. For example, after endotoxin-treatment, OX-42-positive cells were larger and more intensely stained than cells in control cultures (Fig. 6 A) . Quantification of OX-42-IR cells demonstrated that, within each culture system, a significant increase in the number of OX-42-positive cells occurred after stimulation with 10 ng/ml LPS for 72 hr when compared with vehicle-treated cultures (Fig. 6 B) , indicating that all three cultures are responsive to exposure to LPS. Consistent with our data that greater levels of microglia-derived inflammatory factors are produced after LPS stimulation in mesencephalic cultures compared with hippocampal or cortical cultures, more OX-42-positive cells were present after LPS treatment of mesencephalic cultures compared with hippocampal or cortical cultures (Fig. 6 B) . Approximately fourfold and eightfold more OX-42-immunostained cells were present in mesencephalic cultures exposed to LPS compared with neuronglia cultures derived from the hippocampus and cortex, respectively. Very similar numbers of immunoreactive cells and comparable morphological changes were also observed when the three culture preparations were stained with the lectin or with an antibody against inducible NO synthase (data not shown).
Comparison of the responsiveness of microglia derived from various brain regions to LPS
An alternative explanation to account for the differential susceptibility of mesencephalic neurons to LPS exposure might be that mesencephalon-derived microglia were more sensitive or became more reactive after LPS stimulation compared with hippocampal Figure 5 . Effect of LPS on the production of NO and the release of TNF␣ in neuron-glia cultures derived from different brain regions. A, NO production. Mesencephalic neuron-glia cultures were treated with vehicle or the indicated concentrations of LPS, and the levels of NO production, assessed as the accumulation of nitrite, were quantified 24, 48, or 72 hr later. For comparison, the levels of NO production in hippocampal or cortical neuron-glia cultures treated with either vehicle or 1 or 1000 ng/ml LPS were measured at 72 hr. The data represent the mean Ϯ SEM of 3-12 wells per condition. B, TNF␣ release. Mesencephalic neuron-glia cultures were treated with vehicle or indicated concentrations of LPS, and the levels of TNF␣ release were measured 6 hr later. For comparison, the levels of TNF␣ release in neuron-glia cultures derived from the rat hippocampus or cortex were also measured after stimulation with vehicle or 1 or 1000 ng/ml LPS. The data represent the mean Ϯ SEM of three wells per condition. Duplicate experiments yielded similar qualitative results, although the levels of TNF␣ release varied between experiments. or cortical microglia. To examine this hypothesis, microglia from the three brain regions were plated at similar densities and then stimulated with vehicle alone or with 10 or 1000 ng/ml LPS, and levels of released TNF␣ were measured. Quantities of TNF␣ released by each of the three culture systems were normalized by immunostaining for OX-42 and counting the number of OX-42-positive cells. For normalization purposes, OX-42 immunostaining and TNF␣ release were measured at the same endpoint of 72 hr after endotoxin treatment, although similar trends of TNF␣ release were measured at 6 hr after LPS stimulation (data not shown). At 72 hr after exposure to the vehicle alone, no detectable levels of TNF␣ were found in the medium. Stimulation with 10 or 1000 ng/ml LPS for 72 hr resulted in approximately equivalent levels of TNF␣ released from the three different cultures when normalized to the number of OX-42-IR cells present in each culture system. For example, when stimulated with 10 ng/ml LPS, microglia derived from the hippocampus released 147 pg of TNF␣ per 1000 OX-42-IR cells. In comparison, microglia derived from the cortex or mesencephalon released 141 or 171 pg of TNF␣ per 1000 OX-42-IR cells, respectively. After a 72 hr stimulation with 1000 ng/ml LPS, levels of TNF␣ released per 1000 OX-42-IR cells were 109, 86, or 110 pg, respectively, in microglia cultures derived from the hippocampus, cortex, or mesencephalon. These results indicated an equal per unit cell capacity of microglia to produce cytokines in response to LPS, regardless of whether the cells were derived from the hippocampus, cortex, or mesencephalon. These data also suggested that the susceptibility to LPS-induced neurotoxicity in mesencephalic, but not hippocampal or cortical, neuronglia cultures may be primarily attributable to the presence of a greater number of activated microglia.
Addition of enriched microglia rendered LPS-insensitive cortical neuron-glia cultures susceptible to LPSinduced neurotoxicity
To test directly whether LPS-induced neurotoxicity was dependent on the number of reactive microglia, equal numbers of microglia from rat cortex or mesencephalon were added to neuron-glia cultures derived from the rat cortex. The number of MAP-2-IR neurons was quantified to determine whether cortical neurons, which were insensitive to LPS-induced neurotoxicity at concentrations up to 10 g/ml, might become sensitive to LPS-induced death in the presence of sufficient numbers of microglia. As shown in Figure 7A , no significant loss of MAP-2-IR neurons was observed in cortical neuron-glia cultures treated with 10 ng/ml LPS for 72 hr, consistent with previous data from cortical or hippocampal cultures treated with 1 g/ml LPS (Fig. 3 A, B) . However, supplementing LPS-insensitive cortical neuron-glia cultures with additional microglia resulted in significant LPS-induced neurotoxicity (Fig. 7A) . For example, after a 72 hr treatment with 10 ng/ml LPS, cortical neuron-glia cultures that were supplemented with microglia (10 5 per well) from the cortex or mesencephalon suffered a loss of 75 or 60% of MAP-2-positive neurons, respectively (Fig. 7A) .
Thus, the toxicity to MAP-2-IR neurons in cortical neuron-glia cultures occurred to a similar extent, regardless of the origin of the microglia.
Consistent with the levels of neurotoxicity produced in cortical neuron-glia cultures supplemented with a microglia-enriched population, the accumulation of nitrite and levels of TNF␣ released into the medium at 72 hr were lowest in cortical neuron-glia cultures stimulated with vehicle alone and greatest in those cultures supplemented with a microglia-enriched population and then stimulated with LPS. As shown previously, in neuron-glia cultures derived from rat cortex, nondetectable or only low levels of TNF␣ release were measured in untreated or LPS-treated cultures (Fig.  7B) . When 10 5 enriched microglia derived from the cortex or mesencephalon were added to neuron-glia cortical cultures, levels of TNF␣ release after exposure to the vehicle alone remained nondetectable. In comparison, levels of TNF␣ release in microgliaaugmented cultures were increased after stimulation with 10 ng/ml LPS when compared with vehicle-treated cultures, and this increase was independent of the source of the microglia-enriched population (Fig. 7B) . As with levels of TNF␣ release, the accumulation of nitrite was observed to be lowest in cortical neuron-glia cultures stimulated with the vehicle alone and greatest in those cultures supplemented with microglia and then stimulated with LPS (Fig. 7C) . In addition, the high levels of NO production in microgliasupplemented cultures occurred independent of the origin of the additional microglia (Fig. 7C) . These data support the hypothesis that LPS-induced neurotoxicity is contingent on the release of proinflammatory cytokines and the generation of free radicals and that the levels of neurotoxicity may be linked to the number of activated microglia present within the system.
DISCUSSION
Using both animals and in vitro rat neuron-glia cultures, the present study demonstrates, for the first time, that neurons in various brain regions are differentially susceptible to inflammationrelated degeneration. Among the three brain regions examined, neurons in the SN are most sensitive to bacterial endotoxin LPSinduced neurotoxicity, whereas neurons in hippocampus or cortex remain insensitive to treatment, even with high concentrations of LPS. The region-specific susceptibility to LPS-induced degeneration is most likely attributable to the abundance of microglia in that region.
Microglia are the primary immune cells of the brain and have been shown to be involved in the pathogenesis of numerous neurological disorders, including neurodegenerative diseases. In response to injury, infection, or inflammation, microglia readily become activated, as indicated by a change in morphology, increase in metabolic activity, and increased expression of major histocompatibility complex molecules and the complement type 3 receptor, as determined by OX-42 immunostaining (Streit et al., 1988; Kaur and Ling, 1992; Graeber et al., 1994; Kreutzberg, 1996) . Activated Figure 7 . Addition of microglia to LPSinsensitive cortical neuron-glia cultures rendered cortical neurons susceptible to LPS-induced toxicity. Neuron-glia cultures derived from rat cortex were cultured alone or together with microglia (10 5 ) derived from either the cortex or mesencephalon and then were treated with vehicle or 10 ng/ml LPS for 72 hr. A, Quantification of the number of MAP-2-IR neurons. B, TNF␣ release measured at 72 hr after treatment of cultures with 10 ng/ml LPS. C, NO production at 72 hr after treatment. *p Ͻ 0.0001 compared with the corresponding vehicle-treated control cultures, as determined by the Student's t test. ND, not detected. microglia secrete a host of immunomodulatory and cytotoxic factors, among which a few are suggested to play a role in tissue repair (Streit et al., 1988) whereas others are thought to be destructive and involved in neurodegeneration through mechanisms that are not fully understood. Within the array of the microglia-derived proinflammatory and cytotoxic factors (reactive nitrogen and oxygen intermediates, arachidonic acid metabolites, proteolytic enzymes, and proinflammatory cytokines), the formation of NO is of particular interest. Under physiological conditions, NO is involved in intercellular and intracellular signaling (Garthwaite, 1991; Dawson and Snyder, 1992) . However, excessive levels of NO can induce neuronal injury in vitro (Boje and Arora, 1992; Chao et al., 1992) . NO can readily react with superoxide free radicals to form the highly reactive peroxynitrite species that are capable of inflicting additional neuronal damage (Beckman et al., 1990) . The importance of NO in microglia-mediated neurodegeneration is further supported by observations in which the addition of NO synthase inhibitors to neuron-glia cultures inhibits the LPS-induced accumulation of nitrite and reduces neuronal cell loss (Boje and Arora, 1992; Chao et al., 1992; Bronstein et al., 1995) . In addition to NO, TNF␣ has been suspected to be an important mediator of LPSinduced inflammation, as evidenced by the findings that levels of TNF␣ in the CSF of patients with bacterial meningitis correlate with concentrations of bacterial endotoxin in the brain (Arditi et al., 1990) . Although TNF␣ alone is not capable of producing neurotoxicity in neuron-glia cultures, significant neurotoxicity can be observed when TNF␣ is present in combination with IL-1 and interferon-␥ (Jeohn et al., 1998) . Currently, it is not known whether TNF␣, when present with other cytotoxic factors, exerts its effects directly on neurons in neuron-glia cultures or through an indirect mechanism, perhaps through an increased production of microglia-derived proinflammatory mediators.
The present study is the first to demonstrate that the differential susceptibility of neurons from different brain regions to LPSinduced toxicity is positively linked to the number of microglia in the various brain regions. Neurons in the SN, a region shown to contain the highest concentration of microglia in the rodent brain (Lawson et al., 1990) , were sensitive to LPS-induced degeneration, whereas those in the hippocampus and cortex remained resistant to LPS insult. A similar result showing modest degeneration of dopamine-containing neurons in the SN after LPS infusion was reported by Castano et al. (1998) . These in vivo observations corroborated data from in vitro neuron-glia cultures originating from the various brain regions. For example, in mesencephalic neuron-glia cultures, LPS dose-dependently induced microglia to become activated and to produce NO and TNF␣, thereby leading to damage of both dopaminergic and other neurons in general. The sensitivity of mesencephalic neurons to LPS-induced neurodegeneration at concentrations as low as 10 ng/ml is in sharp contrast with the inability of high concentrations of LPS (10 g/ml) to kill neurons in the hippocampal or cortical neuron-glia cultures. The insensitivity of hippocampal or cortical neurons to LPS-induced toxicity in vitro most likely resulted from low levels of NO and TNF␣ produced by significantly smaller numbers of microglia (fourfold to eightfold less) when compared with mesencephalic cultures. The notion that the differential sensitivity of neurons in various brain regions is dictated by the numerical difference in abundance of microglia in the region is further supported by the results that (1) microglia isolated from different brain regions are equally capable of responding to LPS stimulation and (2) the addition of microglia to otherwise LPS-insensitive cortical neuron-glia cultures rendered the neurons vulnerable to LPS-induced killing (Fig. 7) . These in vitro observations may help explain the sensitivity of mesencephalic neurons in vivo to LPS-induced degeneration and the insensitivity of cortical and hippocampal neurons.
It should be pointed out that, under the current experimental conditions, LPS-induced neurodegeneration both in vitro and in vivo did not appear to be selective to any specific population of neurons. However, it is noteworthy that LPS-induced neurodegeneration has been shown to be selective for a population of cholinergic forebrain neurons by several groups (Kalman et al., 1997; Willard et al., 1999) . It is not known whether low doses of injected LPS and/or longer treatment times can result in a selective killing of particular neuronal populations. It has been reported that lower doses of LPS injected for longer periods of time or the long-term infusion of IL-1 resulted in the extensive, and in some cases selective, loss of neurons (Hanish et al., 1997; Hauss-Wegrzyniak et al., 2000) . Nevertheless, the significant degeneration of dopaminergic neurons in the SN after LPS injection and in mesencephalic neuron-glia cultures after LPS stimulation is of particular interest because a selective and progressive loss of dopaminergic neurons in the SN is characteristic of Parkinson's disease. Although considerable effort has been made, the precise mechanisms underlying the selective degeneration of dopaminergic neurons in the SN is not fully understood. Recently, the role of inflammation in the brain has been increasingly associated with the development of Parkinson's disease. The high proportion of microglia in the SN compared with other brain regions may provide the basis by which inflammatory events may facilitate the degeneration of the nigrostriatal pathway in Parkinson's disease. Understanding the events involved in microglia-mediated cell death, therefore, is necessary for developing therapeutic interventions for such diseases.
